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Molecular simulations are an invaluable tool for understanding membrane proteins. Improvements to both
hardware and simulation methods have allowed access to physiologically relevant timescales and have
permitted the simulation of large multimeric complexes. This, coupled to the recent expansion in membrane
protein structures, provides a means to elucidate the relationship between protein structure and function.
In this review, we discuss the progress in using simulations to understand the complex processes that occur
at the boundary of a cell, ranging from the transport of solutes and the interactions of ligands with ion
channels to the conformational rearrangements required for gating of channels and the signaling by
membrane-associated complexes.Molecular Dynamics Simulations
Computer simulation approaches, and more specifically
molecular dynamics (MD) simulations, now play a key role in
the structural biology of membrane proteins. In particular, they
allow one to ‘‘transplant’’ a membrane protein structure from
a crystal to a bilayer and monitor its dynamic behavior within
its native environment.
Advances in hardware and software have enabled longer (1 ms
and beyond) and thus more physiologically relevant timescales
to be reached for simulation systems made up of many thou-
sands of atoms—for example a membrane protein with a
surrounding ‘‘patch’’ of lipid bilayer and solvent (Lee et al.,
2009). The combination of methodological improvements with
our increasing structural knowledge has resulted in an expansion
of the application of MD simulations to membrane proteins over
the past decade. In particular, MD simulations have enabled
characterization of the interactions of membrane proteins with
their lipid bilayer environment, and have aided our understanding
of the mechanisms of permeation or transport of ions and other
small solutes, of gating, and of signal transduction. This enables
us to probe the conformational dynamics associated with
aspects of membrane protein function, although it falls short of
the timescales for longer process, such as transporter turnover.
Even on the longer timescales, large-scale conformational
changes remain out of the reach of equilibrium atomistic mem-
brane protein simulations, as the simulations predominantly
sample local energy minima. Methods to enhance the explora-
tion of energy landscape, e.g., metadynamics (Leone et al.,
2010) or DIMS (Perilla et al., 2011) (Table 1), can be applied to
overcome these deficiencies. Similarly, reduced representation
methods, including elastic network models (Bahar, 2010), may
also improve sampling of conformational space although the
simplifications in the representation of proteins in these latter
methods may have their own shortcomings.
Membrane Proteins in a Lipid Bilayer
The majority of membrane protein structures do not include
a lipid bilayer environment and at best reveal only a small number
of bound lipid or detergent molecules, often incompletely1562 Structure 19, November 9, 2011 ª2011 Elsevier Ltd All rights reresolved. However, a number of studies have indicated that lipid
molecules play active roles in modulating membrane protein
structure and function (Lee, 2009), which highlights the need to
obtain a better understanding of membrane protein interactions
within a bilayer. The key first step in preparing a simulation of
a membrane protein is its correct positioning within a lipid
bilayer. The simplest method to do this is to predict the trans-
membrane spanning regions of the protein e.g., based on the
positions of Tyr and Trp side chains, and to use this prediction
to overlay the protein on a preformed lipid bilayer, subsequently
deleting any lipid molecules that clash sterically with the protein.
However, more recently, a number of computational methods
have emerged that are able to predict the bilayer-spanning
region of a membrane protein structure. These methods permit
semi-automatic annotation of membrane protein structures
and the results are publically accessible (e.g., OPM; http://
opm.phar.umich.edu/) (Lomize et al., 2006). However, these
methods treat the bilayer as a hydrophobic ‘‘slab’’ and so do
not allow for specific interactions of lipid headgroups and hydro-
phobic tails with the protein. This may be addressed by MD
simulations to predict protein/lipid interactions. In this respect,
coarse-grained (CG) MD simulations, initially developed to
explore e.g., peptide/bilayer interactions (Bond et al., 2007;
Monticelli et al., 2008), have played an important role. In
CGMD, the protein and lipid molecules are simplified, with
approximately four atoms substituted for by a single particle,
enabling longer timescales and larger systems to be simulated
(see Figure 1 for details). CGMD has been used to describe the
assembly and interactions of lipids with a wide range of
membrane protein structures and then validated by comparison
with available experimental data (Scott et al., 2008). The resul-
tant protein/bilayer models are deposited in the CG database
(CGDB) (http://sbcb.bioch.ox.ac.uk/cgdb/) (Chetwynd et al.,
2008). By combining the CGMD simulations with a conversion
back to atomic resolution, and subsequent atomistic simulations
it is possible to devise a multiscale approach for MD simulations
of membrane proteins (Figure 1) This enables a membrane
protein system to be simulated sequentially at both levels of
detail (Stansfeld and Sansom, 2011).served
Table 1. Some Commonly Used Terms in Membrane Protein
Simulations
Term Definition
MD Molecular dynamics: a method for simulating
macromolecular motions based on an empirical
force field that describes the energetics of
interactions between the constituent atoms.
CG Coarse-grained: a modification of MD in which
atoms are grouped together into equivalent
particles, thus reducing the computational
complexity of the simulation and allowing larger
systems to be addressed more readily.
DIMS Dynamics importance sampling: a method for
‘‘directing’’ simulations to explore a likely
pathway of intermediate states between
experimentally defined conformational states
of a protein.
Metadynamics Metadynamics: one of a number of related MD
simulation techniques used to improve
sampling of a system’s energy landscape.
During the simulation the system is
discouraged from returning to its previous
steps, enabling the system to more fully explore
the full energy landscape.
ENM Elastic network model: a reduced representation
of a protein in which each amino acid is
represented by a single ‘‘bead’’ and an elastic
mass-and-spring network is used to model the
long-scale dynamics of the protein.In addition to accurately embedding a membrane protein
within a lipid bilayer, this approach can be used to predict
specific lipid binding sites on the protein surface. For example,
it has been used to predict the binding of phosphatidyl inositol
bis-phosphate (PIP2) to inward rectifier K
+ (Kir) channels (Stans-
feld et al., 2009). The results of these simulation-based predic-
tions agree well with the subsequently determined X-ray struc-
ture of Kir2.2 with bound PIP2 (Hansen et al., 2011) (Figure 2).
Combined with ongoing progress in simulations of complex lipid
bilayer environments this offers the prospect of exploring the
interactions of a given membrane protein with a number of
different lipid species by enabling equilibration of a complexStructurelipid/protein mixture in CG simulations and then switching to
atomistic resolution simulations to understand the detailed
interactions of lipid and protein. This is likely to be of some
importance given the key role of phospholipids and of choles-
terol suggested by a number of recent membrane protein
crystal structures that were include at least partial structures
for bound lipids. Simulations of these proteins are discussed
in more detail in later sections (Cherezov et al., 2007; Long
et al., 2007; Nury et al., 2011). CG simulations may also be
applied to simulate e.g., membrane protein aggregation and
investigate the conformational rearrangements of TM helices,
e.g., the motions of helix dimers implicated in membrane
signaling (see below).
From a methodological perspective, recent developments
have led to improved force-field parameters for lipids, which
now cover a wider range of lipids and better reflect experimental
measurements (Klaudaet al., 2010;Kukol, 2009;Poger andMark,
2009; Ulmschneider and Ulmschneider, 2009). Many of these
parameters are deposited in Lipidbook (Domanski et al., 2010).
Transporters
High resolution structures have been determined for a number
of membrane transporters ranging from pore-like proteins to
primary active transporters driven by ATP hydrolysis (Khalili-Ara-
ghi et al., 2009). Simulations have been extensively applied to
fast transport processes such as permeation of ions through
channels (Roux, 2005) and of water through aquaporins (Hub
and de Groot, 2008). Here we address those simulation studies
of transporters whose conformational changes are related to
their mechanisms by the alternating access model (Jardetzky,
1966) and use the electrochemical gradient as their energy
source. These proteins typically have transport rates of
103 s1, allowing aspects of their function to be addressed
directly via simulations. We will not cover ATP-driven pumps
as these operate on a longer timescale and so are less amenable
to direct simulation studies, although a number of studies have
been reviewed (Faraldo-Go´mez and Forrest, 2011).
Some of the earliest MD simulations of transport proteins were
ofMFS (major facilitator superfamily) transporters exemplified by
lactose permease (LacY). The X-ray structure of LacY (Abramson
et al., 2003) corresponds to an inward facing (cytoplasmic open)
conformation. A number of simulation studies have suggestedFigure 1. Bilayer Insertion of a Membrane Protein
To fully understand membrane protein function it is
essential to accurately insert a membrane protein into
a lipid bilayer. CGMD simulations, where four heavy atoms
are condensed into a single particle, permit (A) a randomly
oriented assortment of lipids (tails are shown in gray;
phosphate and nitrogen particles shown in orange and
blue spheres respectively) to (B) self-assemble around the
TM region of a membrane protein—here shown for an
inward rectifier K+ (Kir) channel. Water particles are not
shown for clarity. This complex can be used to assess
protein-lipid interactions via longer CG simulations or be
converted to (C) an atomistic representation for further
characterization of membrane protein dynamics.
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Figure 2. Simulating the Interactions of PIP2 with a Kir Channel
Amultiscale procedure (see Figure 1 and Stansfeld et al. [2009] for details) was
used to predict the interactions of PIP2 with a Kir channel by (A) CG simula-
tions, and then to refine the resultant model by (B) atomistic simulations. The
predicted interactions agree well with those in the subsequently determined
(C) X-ray structure of PIP2 bound to Kir2.2 (Hansen et al., 2011). In all three
diagrams the orange spheres indicate the three phosphates of PIP2.the existence of the occluded intermediate state (Holyoake and
Sansom, 2007) andmore recently a pathway to an outward open
state (Pendse et al., 2010). Formation of a partially occluded
state has also been seen in simulations of the related MFS
protein GlpT (Enkavi and Tajkhorshid, 2010; Huang et al.,
2003). The crystal structure of the fucose transporter FucP has
recently provided a MFS protein in its outward facing conforma-
tion (Dang et al., 2010). An elastic network study performed on
this structure indicates the transport mechanism for this protein,
from outward to inward facing via an intermediate state similar
to that observed for the crystal structure of EmrD (Chang et al.,
2011; Yin et al., 2006).
Another transporter explored computationally is the mito-
chondrial ADP/ATP carrier. MD simulations (Falconi et al., 2006;
Johnston et al., 2008) revealed the importance of conserved
proline residues acting as molecular hinges to facilitate confor-
mational changes and electrostatics in driving association of
ADP to its binding site within the carrier (Dehez et al., 2008;
Wang and Tajkhorshid, 2008).
Simulations have also been applied to members of the
sodium-coupled cotransporter family exemplified by LeuT. This
family includes mammalian homologs that function as neuro-
transmitter reuptake transporters. There have been simulation
studies of four bacterial members of the family: LeuT, an amino
acid transporter; vSGLT, a sodium-galactose transporter;
AdiC, an arginine-agmatine antiporter; and Mhp1, a hydantoin
transporter. Simulations of LeuT (Celik et al., 2008) started from
an occluded state. Although no major conformational changes
were observed in the simulations, evidence of a partial transition
to an outward open state was evident, especially in steered MD
simulations that accelerated solute unbinding. Equilibrium MD
simulations suggest the structure of vSGLT is in an ‘‘ion-
releasing’’ state (Li and Tajkhorshid, 2009). The simulations
reveal instability in the sodium binding site that results in release
and diffusion of Na+ ions to the cytoplasmic side of the
membrane. In another study, a combination of simulation,
biochemical and crystallographic methods revealed the exit
pathways and energetic of galactose (Choe et al., 2010). Further-
more, a 1 ms simulation of AdiC reveals the mechanism for the
selective release of agmatine, induced by the protonation of
a glutamate residue in the TM domain (Zomot and Bahar, 2011).
Crystallographic resolution of three distinct states (outward-
facing, occluded, and inward-facing) of the sodium-hydantoin1564 Structure 19, November 9, 2011 ª2011 Elsevier Ltd All rights recotransporter, Mhp1, provided the snapshots to describe the
transport cycle for a single protein (Figure 3). Using dynamics
importance sampling (DIMS) (Perilla et al., 2011)) to explore the
energy landscape between adjacent states in MD simulations
of Mhp1 it was possible to reveal a low energy pathway between
the individual states, thus providing a ‘‘molecular movie’’ that
described the motions involved in transport. This provided
insights into the choreography of the opening and closing of
‘‘thin’’ and ‘‘thick’’ gates in the transport cycle (Shimamura
et al., 2010). Extended equilibrium simulations of the apo-protein
starting from the three crystallographic conformations revealed
overlap between adjacent states along the pathway defined by
the DIMS simulations. Furthermore, as for vSGLT, Na+ ion
release to the cytoplasmic side of the membrane confirmed
the ‘‘ion-releasing’’ nature of the inwards facing state.
These studies, and also related studies of glutamate trans-
porters (Gu et al., 2009; DeChancie et al., 2011), show that
simulations can reveal ligand and ion (un)binding pathways,
and pathways linking adjacent states of a transport cycle.
However, the relatively slow turnover rates of transport proteins
remain a challenge to direct simulation, even given recent
advances in dedicated high performance computing (Arkin
et al., 2007). Therefore advancedmethods of exploring transport
protein energy landscapes are needed. A number of these (e.g.,
DIMS [Perilla et al., 2011]; metadynamics [Leone et al., 2010])
have been developed and applied to membrane proteins. Alter-
native approaches rely on simplification of the representation
of the protein via e.g., elastic network models (Bahar, 2010) or
the use of structure-based modeling to predict as yet unob-
served conformational states of transport proteins (Radestock
and Forrest, 2011).
Voltage-Gated Potassium (Kv) Channels
The mechanism by which potassium channels are activated by
changes in membrane potential (i.e., voltage) is a key topic of
membrane biophysics. The resolution of the Kv1.2 and Kvchim
channel structures has enabled characterization of these gating
motions on an atomistic level (Figure 4) (Long et al., 2005,
2007). Both structures are in an open state conformation,
having been determined in the absence of membrane potential
(i.e., at 0 mV), which favors the activated state. The challenge is
to understand how the voltage-sensor domain, in particular the
positively charged S4 transmembrane (TM) helix, is able to
respond to membrane polarization and drive channel closure.
A number of studies have used MD to either apply an electric
field across the membrane to simulate a membrane potential
or impose a downward force on the S4 helix to steer the helix
toward a resting state. These methods have explored 1 ms
timescales to allow conformational rearrangement (Bjelkmar
et al., 2009; Delemotte et al., 2011; Jensen et al., 2010;
Schwaiger et al., 2011).
A common feature of all these efforts is the observation of
a structural transition of the S4 TM segment from an a- to
a 310-helix, coupled to a rotation of the S4 helix about its helical
axis. Transitions from a- to 310-helix were initially observed for
S4 during a ms simulation of the Kv1.2 crystal structure with an
applied TM voltage (Bjelkmar et al., 2009). The change in
secondary structure enables a rotation of the S4 helix, shielding
the arginine residues from the hydrophobic core of membrane asserved
Figure 3. Understanding the Alternating Access Mechanism in
Secondary Transporters
The sodium-benzyl hydantoin transporter, Mhp1, has been resolved in three
conformational states: (A) outward-facing, central binding sites accessible
from the extracellular side of the membrane; (B) occluded, inaccessible from
both sides; and (C) inward-facing, accessible from the cytoplasmic side of the
bilayer. The accessible pathways in each structure is depicted as a blue
surface, as defined by HOLLOW (Ho and Gruswitz, 2008). Molecular simulations
enable structural transformations between states to reveal a mechanism for
the conformational rearrangement required for the transport of sodium and
benz hydantoin.
Figure 4. Kv Channel Gating
The voltage-sensing domain of the Kvchim crystal structure. The basic resi-
dues of S4 are colored blue, with their acidic partners on S1–S3 colored red.
The a-helix portion of the S4 helix is shown in green, whereas the 310 section is
displayed in yellow. The conserved phenylalanine residue of the gating charge
center is shown by purple spheres. Phosphate headgroups are shown in
orange spheres.the S4 helix is drawn ‘‘downward’’ through the membrane. A
more recent study suggests that the 310-helix enables the
passage of the helix through a hydrophobic barrier crossing
formed by a conserved phenylalanine residue in S2 (Schwaiger
et al., 2011). This residue, along with two acidic residues above
and below, has been shown to be a key feature for gating charge
transfer through the voltage-sensor, with a rigid cyclic side chain
important for normal voltage-sensing (Tao et al., 2010).
There is a long history of using MD simulations to explore ion
permeation through K channels (Roux, 2005). More recently,
extended molecular simulations of a Kv channel have focused
on both the permeation of ions through the channel and the
gating motions of the inner helices to close the channel (Jensen
et al., 2010). At a certain point during ionic passage the number
of waters within the central cavity gradually reduced—driven by
the hydrophobic nature of the cavity—described as ‘‘dewetting.’’
This eventually closes the conduction pathway and terminates
ionic passage. This is in agreement with a number of earlier simu-
lation based studies of ‘‘hydrophobic’’ gating in model channels
and pores (Beckstein and Sansom, 2003, 2006).
Other simulation studies of Kv channels have investigated the
properties of the voltage sensor domain in relation to its interac-
tions with the lipid bilayer. These revealed how the many basic
charges of S4 are incorporated within a lipid bilayer (Sands
and Sansom, 2007). In the activated (i.e., channel open) confor-
mation of the voltage-sensor domain, the simulations suggest
that the arginine residues at the N terminus of S4 predominantly
form contacts with the phosphate and glycerol regions of the
lipid headgroups. The majority of the other basic residues are
shielded from the bilayer through contacts with the acidic resi-
dues the S1–S3 helices and water within the central crevice of
the domain. The recent determination of the structure of a related
voltage-gated channel, the sodium channel NavAb (Payandeh
et al., 2011) will enable further simulation studies to explore
the extent to which these voltage-sensor/lipid interactions are
conserved across different members of the voltage-activated
channel family.StructurePentameric Ligand-Gated Ion Channels
Ligand gated ion channels (LGIC) have also been explored by
simulation. One of the earliest membrane protein structures,
the nicotinic acetylcholine receptor (Unwin, 1989), has been
the focus of a number of studies, including channel gating (Beck-
stein and Sansom, 2006) and channel/cholesterol interactions
(Brannigan et al., 2008). More recently focus has shifted to
bacterial homologs of this family for which high resolution struc-
tures are available: GLIC, a proton-gated ion channel in the open
state (Bocquet et al., 2009; Hilf and Dutzler, 2009); and ELIC,
a homologous channel in a closed state (Hilf and Dutzler,
2008). Normal mode analysis proposed a quaternary twist of
the channel to initiate opening of the pore-lining TM2 bundle
crossing (Taly et al., 2005). Elastic network studies have also
been combined with MD, to reveal a possible functional role
for the M2-M3 loop in coupling ligand binding to gating at the
TM domain (Zhu and Hummer, 2010).
The majority of MD studies have focused on GLIC. Within the
first 100 ns, of a 1 ms simulation, the open state structure was
shown to collapse at the upper region of the pore from a radius
of 4 A˚ to <1 A˚, converging toward a closed state structure
(Nury et al., 2010). It was suggested that conformational change
is propagated from a single subunit in a domino-like effect
through the neighboring subunits, concomitant with a global
quaternary motion of the whole protein.
The more recent GLIC structures reveal the structural basis for
the binding and action of the general anesthetics propofol and
desflurane (Nury et al., 2011). MD simulations of bound propofol
revealed differences in the dynamics of the anesthetic between19, November 9, 2011 ª2011 Elsevier Ltd All rights reserved 1565
Figure 5. Anesthetic Binding to GLIC
(A) There are five analogous binding sites for the anesthetic propofol (green)
within GLIC (blue).
(B) During 30 ns of molecular simulation of the WT channel, the anesthetic
remains distant from the central pore axis.
(C) In contrast, in the mutant channels T255A, propofol moves closer to the
inner TM2 helices, where it remains more stably bound to the channel. The
bilayer is shown as a gray surface (data courtesy of Benoist Laurent and Marc
Baaden).
Figure 6. Switching on GPCRs
(A) The bAR1 receptor (2RH1) embedded in a POPC bilayer. For clarity the T4L
construct, which replaces ICL3 in this structure, has been omitted. One of the
characteristic features of the bAR family of GPCRs is an ionic lock between
TM3 (yellow) and TM6 (green). This salt-bridge between Arg3.50 (blue) and
Glu6.30 (red) is described as themolecular switch that restrains the receptor in
the inactive conformation.
(B) In all of the structures resolved to date the salt-bridge is broken.
(C) Molecular simulations reveal a side-chain rearrangement of the Glu6.30
side chain that enables the recovery of the salt-bridge (data courtesy of Ste-
phano Vanni and Ursula Ro¨thlisberger).wild-type (WT) and mutant channels. In two mutants (T255A and
V242M), which have an increased sensitivity to anesthetics, an
altered binding orientation – closer to the inner M2 helices –
was observed (Figure 5). This binding site is on the opposite
face of the M2 helix from the constriction point observed in the
earlier 1 ms simulation, suggesting that the anesthetic induces
the constriction at this point.
GLIC may also be converted into an alcohol sensitive channel
though a single point mutation(Howard et al., 2011). Molecular
modeling and simulations, in combination with mutagenesis
data, pinpoint a binding site in the ‘‘linking tunnel’’ between the
general anesthetic and inter-subunit cavities. This agrees with
the site proposed in homology models and a 2 ms simulation of
ethanol bound to the closely related eukaryotic glycine receptor
GlyR (Murail et al., 2011).
GPCR Simulations
The other major family of receptors that has been studied exten-
sively by simulations is the G protein coupled receptors
(GPCRs). Since 2007, a number of GPCR structures have been
determined, including b-adrenergic receptors (bAR). Many bAR
structures have been resolved in the inactive state (Cherezov
et al., 2007; Warne et al., 2008). This state was previously bio-
chemically characterized by an ionic lock that is believed to
control/inhibit activation of the receptor (Ballesteros et al.,
2001) (Figure 6). The absence of this lock—a salt bridge between
TM3 and TM6—from the X-ray structures was puzzling. It is
possible that biochemical studies had been overinterpreted.
Alternatively the methods used to enable crystallization (in-
cluding fusion of the membrane protein with T4-lysozyme
[T4L]) (Cherezov et al., 2007) or the use of thermostabilization
mutation (Warne et al., 2008) may have perturbed the structure,
resulting in loss of the ionic lock. Interestingly, MD simulations of
both b1AR and of b2AR enable the ionic lock to form on a nano-1566 Structure 19, November 9, 2011 ª2011 Elsevier Ltd All rights resecond timescale (Dror et al., 2009; Vanni et al., 2009). In
contrast, in the presence of the T4L fusion, the ionic lock cannot
be recovered by simulation. This suggests that the T4L may alter
the conformation of the inactive state of the receptor and that the
key salt-bridge may lie in a dynamic equilibrium between locked
and unlocked when the receptor is in a nonactive state (Dror
et al., 2009). Simulations of the A2A adenosine receptor suggest
an interplay between ionic lock formation and cholesterol inter-
actions (Lyman et al., 2009). Future simulation studies are likely
to address the conformational dynamics of the b2AR in complex
with a G protein (Rasmussen et al., 2011). This structure will
enable simulations of GPCRs to be extended from single
membrane proteins to functionally active membrane proteins
complexes within a lipid bilayer membrane.
Membrane Complexes
In addition to transporters, channels, and GPCRs, structural
data are emerging for a number of more complex membrane
protein assemblies involved in signaling within the cell. Structural
data provide an incomplete picture of these transient assem-
blies, limited to isolated nonmembrane domains and their
complexes. This is an area where simulations and related
computational approaches may contribute to integrative struc-
tural biology of membranes. These receptors (e.g., integrins)
are comprised of large ectodomains, on the surface of the cell,
single helix TM domains, and intracellular domains, which trans-
mit signals inside the cell. Dimerization of these receptors
involves interactions between both ecto- and TM domains of
adjacent monomers.
Computational approaches to TM helix dimers have been
developed and widely tested using the glycophorin A homo-
dimer for which both solution nuclear magnetic resonance
(NMR; in detergent micelles) (MacKenzie et al., 1997) and solid
state NMR (in a lipid bilayer) (Smith et al., 1994) structures are
available, providing a well-studied paradigm for TM helixserved
Figure 7. TM Helix Dimerization
TM helix dimer generated by CGMD self-assembly simulations, illustrated
using the ErbB2 helix dimer (M.S.P.S. and B. Nikolaidi, unpublished data). (A)
Snapshot from a CGMD simulation showing the self-assembled ErbB2 TM
helix dimer (green and blue Ca traces) embedded in a phospholipid bilayer
(phosphate particles shown in orange). (B) and (C) show respectively the
CGMD model and the solution NMR structure (2JWA) of the TM helix dimer,
with the serine and glycine residues in red and yellow respectively. The right
handed crossing (U < 0) of the TM helices is indicated by the black arrow.dimerization (Lemmon et al., 1994). CGMD simulations are able
to assemble a glycophorin homodimer from the constituent
monomeric helices in a lipid bilayer (Psachoulia et al., 2008).
The resultant dimer structure compares well with that obtained
experimentally, characterized by a right-handed crossing angle
at the helix/helix interface formed by the Gly-x3-Gly sequence
motif. CG simulations are also able to estimate the free energy
of dimerization within a lipid bilayer (Janosi et al., 2010; Sengupta
and Marrink, 2010) and to explore mutations shown experimen-
tally to destabilize helix dimer formation (Psachoulia et al., 2008).
Furthermore, atomistic MD simulations have been used to refine
CG models and to compare with the available experimental
structures. Significantly, all three structures (solution NMR, solid
state NMR, and that from a CG model) converged to a common
structure in the atomistic simulations, characterized by a right-
handed helix crossing angle of 40 at the helix/helix interface
and stabilized by H-bonding between threonine side chains
(Psachoulia et al., 2010).StructureCG simulations have been extended to other TM helix dimers.
Simulations have been used to model ErbB homo dimer struc-
tures and to estimate free energy profiles for helix/helix interac-
tions of these dimers within a bilayer environment (Prakash et al.,
2010). Similarly, models of the ErB2 homodimer generated by
CGMD compare well with NMR structures (Bocharov et al.,
2008) (Figure 7).
Simulations also aid modeling of more complex receptor
structures, combining data from a number of sources. We will
illustrate this approach with studies of integrins (Luo et al.,
2007). The integrins are large cell surface receptors crucial for
cell migration and adhesion. They can be activated to a high
affinity state by interactions of the talin head domain with the
surface of the membrane and the integrin b cytoplasmic tail to
form an intracellular complex (Anthis et al., 2009).
The integrin a/b TM helix heterodimer has been modeled by
multiscale MD simulations (Kalli et al., 2011b). CG simulations
were used to self-assemble the TM helix dimer followed by
atomistic MD simulations to refine the resultant dimer model.
Dimerization of WT and mutated sequences of the aIIb and b3
integrin TM helices were compared. The WT helices formed a
stable, right-handed dimer with the same helix-helix interface
as in the NMR structure in a bilayer-like environment (PDB id:
2K9J) (Lau et al., 2009). In contrast, functionally disruptive muta-
tions perturbed the interface between the helices, decreasing the
conformational stability of the dimer. The aIIb/b3 helix/helix inter-
face was more flexible in simulations than that of glycophorin A.
This suggests a role for alternative packing modes of the TM
helices in transbilayer signaling. Although multiscale simulations
enable accurate modeling of the TM region of the integrin dimer
(Figure 8), it is evident that other approaches are needed to
model the conformational dynamics of the receptor complex.
Inside-to-outside signaling by the integrin receptor can be trig-
gered by association with the headgroup of the cytoplasmic
protein talin. Multiscale simulations have been used to study
the interaction of the talin headgroup with the surface of a lipid
bilayer (Kalli et al., 2010) and the nature of the conformational
change induced in the helix dimer by the talin/bilayer/integrin
interaction (Figure 9). CGMD simulations have been combined
with NMR spectroscopy to elucidate the membrane-binding
surface of the talin head (F2-F3) domain. Mutations in the basic
residues (K258E, K274E, R276E, and K280E) of the F2 binding
surface reduced the affinity of the F2-F3 for the membrane and
modified its orientation relative to the bilayer. The simulations
in particular highlighted a key role of anionic lipids in talin/
membrane interactions.
Multiscale MD simulations also suggested a possible mecha-
nism of activation of the integrin aIIb/b3 dimer by the talin head
domain (Kalli et al., 2011a). In these simulations binding of the
talin F2-F3 domain to negatively charged lipid headgroups in
the membrane induced a reorientation of the b TM domain.
This increased the tilt angle of the b TM domain relative to the
bilayer normal, which in turn helped to destabilize the a/b TM
interaction and promoted a ‘‘scissor-like’’ movement of the in-
tegrin TM helices, thus signaling from inside to outside the cell
(Figure 9). The next step is to extend these studies to the
complete integrin receptor/talin complex in a lipid bilayer (Fig-
ure 8A). Simulationsmay then be used to explore the interactions
of the complex with lipids.19, November 9, 2011 ª2011 Elsevier Ltd All rights reserved 1567
Figure 8. Integrin Structures and Simulations
(A) The structure of an intact integrin a (blue)/b (red) heterodimer a lipid bilayer
(gray). The talin F2 and F3 domains are in green and yellow respectively. This
image is taken from a CGMD simulation of the complex shown (data courtesy
of Antreas Kalli).
(B and C)Model generated bymultiscaleMD simulations of the (B) a/b TMhelix
dimer and the (C) solution NMR structure (PDB id: 2K9J).Peripheral Membrane Proteins
The simulations of talin/lipid interactions provide a paradigm for
exploring the membrane interactions of other types of signaling/
targeting domains which bind at the bilayer surface.1568 Structure 19, November 9, 2011 ª2011 Elsevier Ltd All rights reThe pleckstrin homology (PH) domain is widely employed in
the recognition of phosphatidyl inositol phosphate (PIP) contain-
ing lipid bilayers (Lemmon, 2007). MD simulations have been
used to characterize the interactions of the PH domain from
phospholipase C-d1 with PIP2 in lipid bilayers and in detergent
micelles (the latter to mimic NMR studies) (Psachoulia and
Sansom, 2008). Simulations of the PH domain bound to PIP2
indicate a tight ligand/protein interaction, alongside formation
of H-bonds between PH side chains and lipid (PC) headgroups.
Penetration of hydrophobic side chains into the core of the
bilayer is also observed.
Simulation studies have been extended to the general
receptor for phosphoinositides 1 (GRP1) PH domain, which
exhibits specific, high affinity binding to phosphatidylinositol
(3,4,5)-trisphosphate (PI(3,4,5)P3) at the plasma membrane
(Figure 10). Equilibrium and nonequilibrium MD simulations, in
combination with NMR data, provide a detailed model for the
membrane-associated state of GRP1-PH (Lumb et al., 2011).
In particular MD simulations suggested a ‘‘dual-recognition’’
model of binding, with specific PH/PIP3 interactions supple-
mented by interactions of loop regions with the lipid bilayer. Like-
wise, simulations of C2 domain/bilayer interactions (Jaud et al.,
2007) have suggested substantive interactions between the
protein and the lipid bilayer, and a recent combination of simula-
tion with experiment explored the binding of two PIP2 molecules
to the C2 domain of PKCa (Lai et al., 2010).
Interactions of membranes with multiple protein domains may
in turnmodulate the structure of the lipid bilayer on a larger scale.
For example the BAR (Bin–Amphiphysin–Rvs) domain, has an
extended banana-like shape and binds to a lipid bilayer via its
concave face. It is suggested that BAR domains may sense
bilayer curvature by binding preferentially to curved membranes
and may thus be able reshape lipid bilayers, e.g., driving the
formation of tubular and vesicular membrane structures. This
process has been studied by both atomistic (Blood and Voth,
2006) and multiscale MD simulations (Arkhipov et al., 2008; YinFigure 9. The Proposed Mechanism of
Integrin Inside-Out Activation
(A) Anionic lipids within the bilayer attract the basic
patch of the F2-F3 talin subdomain toward the
membrane.
(B) The F2-F3 subdomain forms contacts with the
bilayer surface.
(C) The aIIb complex in the membrane.
(D) The F2-F3 domain binds to the aIIb complex.
(E) aIIb domain changes conformation in a scissor-
like motion in response to the binding of the F2-F3
domain.
served
Figure 10. PH Domain/Membrane Simulations
A snapshot is shown from a simulation of the GRP1 PH domain bound to
a PI(3,4,5)P3 molecule, in a phospholipid bilayer (gray). The b6/7 loop of the
protein (yellow) penetrates deep into the bilayer (data courtesy of Craig Lumb).et al., 2009). These simulations demonstrated that BAR domains
bind strongly through their maximum curvature surface thus
enabling local bilayer curvature. Furthermore, simulations of
large systems consisting of lattices of parallel rows of N-BAR
domains revealed how the protein/lipid interactions could sculpt
flat membranes into tubes.Future Directions
It is clear that more membrane protein structures will be deter-
mined in the coming years, with 2500 unique structures pre-
dicted by 2020 (White, 2009). As we have shown, multiscale
MD simulations can add to these structures by providing a
dynamic picture of protein/lipid interactions. However, as the
rate of structure determination increases, it will be important to
develop an automated simulation pipeline to provide a compre-
hensive dataset of membrane proteins immersed in their biolog-
ically relevant lipid bilayers. This, in turn, will require continued
developments in simulation parameters for a variety of lipids.
As has been discussed above, the ability to perform ms simu-
lations has made a major impact on simulations, allowing us to
probe molecular mechanisms of gating and transport in channel
and transporter proteins. As more structures emerge and acces-
sible simulation times increase these studies will be extended to
more membrane proteins. Equally important, simulations will
help us to combine multiple structures of a given membrane
protein to provide quantitative descriptions of the energy land-
scapes of these molecular machines.
In order for simulations to provide a bridge between structures
of isolated membrane proteins and more complex, transientStructureassemblies within membranes, it will become important to
address the dynamic complexity within the membrane lipids in
which the proteins are embedded. Simulations have started to
address the lateral complexities of lipid organization within
complex bilayers (Scha¨fer et al., 2011). Related to this are
studies of lateral interactions of proteins within a bilayer and
how this may be modulated by the lipid environment. This is of
importance in a number of areas of membrane dynamics and
has been the subject of a number of simulation studies using
simple model membranes and proteins (de Meyer et al., 2010;
Parton et al., 2011; Schmidt and Weiss, 2010). As lipid bilayer
models improve and more membrane protein structures are
determined it will be possible to use simulations to model the
lateral organization of membrane proteins clusters and their
roles in e.g., signaling by cells (Salaita et al., 2010).ACKNOWLEDGMENTS
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